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Abstract
The newly discovered process of adhesive-free wood welding introduces a
non-toxic alternative for many industrial applications. The process consists
of heating up the surfaces of two wooden samples by mechanically induced
friction and applied pressure. The aim of this case study is to investigate
the importance of different wood welding parameters for the strength of the
created bond. Experiments have been conducted with varied welding pa-
rameters on a novel setup. Shear strength tests yeld the following results:
relatively long holding time has a great impact on the bond strength; high
welding pressures of 6 bar and above, as well as long welding times, lead to
unsatisfactory results; relatively small changes in the frequency of the vibra-
tional welding yeld results with significant differences. Using this technique
softwood joints can be created with strengths close to the ones, obtained
with professional wood adhesives.
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Chapter 1
Introduction
Wood welding is the process of bonding wood pieces together without the
use of any adhesive. The process is illustrated in Fig.1.1 and can be divided
into two steps – welding and holding. The welding consists of creating
mechanically induced friction on the surfaces of the two wooden samples
by linear displacement along the bond axis and applying pressure. This
heats up the surfaces and causes different physical and chemical processes
to occur. Once the welding is stopped, the pieces are let to cool under
increased pressure for a certain time. Thus the molten surfaces solidify and
create a bond that varies in strength depending on the parameters used in
the process and the specific structure of the wood. This process can provide
a non-toxic alternative for many industrial applications.
Figure 1.1: Vibrational wood welding.
1.1 Related work
Detailed investigations have been done before on different aspects of this
innovative type of wood welding. Gfeller et.al. and Stamm et.al explain
how different physical parameters can influence the process and chemical
modifications within the wood. They explain the essence of vibrational wood
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welding as the melting and solidifying of intracellular wood components,
because of the resulting high temperatures. Investigations have been made
also on welding layers of different wood samples together, as well as welding
heat-treated wood (Boonstra M, et.al). Stamm B et. al., and others, have
researched that the time of the second welding step - holding, can influence
the strength of the created bond and thus make it possible to create multi-
layered laminate.
Another interesting investigation has been made by Omrani et.al. on
welding of grooved wood surfaces. They use curve-cut samples to increase
the welding surface and thus create a stronger bond. Their results, however,
show that the increase of the surface does not improve the shear strength of
the joint (Ormani P, et.al.).
The majority of research made in this field conclude that compared to
softwoods, hardwoods create stronger joints. Experiments with softwoods
lead to cell wall collapse, causing loss of alignment and poor bonding results
(Gfeller et.al). In this case study we will focus specifically on softwood
species. They have less differentiated (simpler) biological structure, which
makes them easier to investigate for the time period of this experiment.
Furthermore, the poor results obtained with these woods make them an
interesting and relevant subject for investigation and optimization.
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Chapter 2
Research question
Investigation on the effect, and optimisation of different wood welding pa-
rameters on vibrationally induced softwood joints
The aim of this experimental study is to understand the importance
of the different welding parameters for the creation of a softwood bond.
Therefore we will conduct experiments and investigate which parameters
influence the bond strength the most and relate them to established theory.
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Chapter 3
Experimental
3.1 Setup
The novel setup used, was designed and made by the RUC Workshop, spe-
cially created for the purposes of this experiment. It differs from the typically
used industrial machines for metal and plastic welding. Fig.3.1 illustrates
its different parts (picture of the setup is attached in Appendix A).
Figure 3.1: Welding machine in detail
The motor used for the machine is a car engine cooler. The power
comes from a power supplier, which controls the input voltage (up to 30V)
and current, generating the welding frequency (up to 100Hz). A crankshaft
generates constant amplitude of 3mm. The moving shoulder holds part
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5 where pressure is applied. This part allows linear displacement of the
shoulder while pressure is been applied on it, via a rail mechanism. Two
sample nests are located on the moving shoulder and the main body, with
lenght 4 cm, width 2 cm. Due to the crankshaft the generated displacement
of the shoulder is circular in the motor proximal end. However, part 5
allows only linear displacement along the shoulder in the motor distal end.
Therefore the closer we get to the motor, the greater the sideways shift.
This results in a not perfectly linear friction between the welded samples,
but also a sideways displacement of less than 1 mm.
An interesting property of the setup is the manually applied pressure.
This makes it hard for pressure to be sustained constant at all times of the
welding. Therefore the opposing force on the motor is varying and affects
the frequency throughout the welding process. For each test sound data
(time vs air pressure) was collected and anaylzed with LoggerPro software.
Fourier transformations were made to obtain the frequency (see Appendix).
3.2 Samples
The wood used for the experiments is the very common softwood - Douglas
fir, dryed for industrial applications, with humidity of 10-15%. The samples’
shape fit perfectly in the nests (4 cm, 2 cm), but they vary in height.
Figure 3.2: Samples before welding
3.3 Welding process
Once the samples are sanded to fit the nests perfectly, initial pressure of 1
bar is applied. This initial pressure is to stabalize the shoulder before the
motor is started. It has no observable influence on the dimensions of the
samples. When the motor is started, the desired welding pressure (WP) is
applied and kept relatively constant during the welding time (WT). It needs
to be mentioned that applying pressure higher than 6 bars is hard to be
kept constant, unless applied at a constant rate. Therefore some tests were
unsuccessful with pressure above the mentioned.
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After stopping the motor holding pressure (HP) is applied for a certain
holding time (HT). Due to wood cell collapse the HP needs to be maintained
constant.
3.4 Shear strength test
Shear strength of the induced bond is its ability to withstand shear stress
without failure. The shear strength is determined by applying shear force
parallel to the bond axis. Such tests were performed on the welded samples.
As seen on Fig.3.3 one end is held stable, while applying pressure on the
other end. They were carried out on a pressure providing machine, manually,
with an error margin less than 0.5 bar.
Figure 3.3: Shear strength test
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Chapter 4
Theory
4.1 Wood anatomy
A short introduction to some general terms of a tree’s anatomy follow. A
transverse (cross) section of a typical tree trunk is shown on Fig.4.1.
Figure 4.1: Early wood (lighter color) and late wood (darker color) in a
softwood trunk cross-section (Henri D. Grissino-Mayer, 2009)
Growth rings show the annual development of a tree, as shown on the
figure. In the beginning of the growth season, during spring, the plant
produces large wood cells in lighter color, called earlywood. During summer
the darker colored wood is formed with smaller cells, and is called latewood
(UKCES, 1994).
4.1.1 Hardwood
Hardwoods are the deciduous trees from the group of Angiosperms. Typical
only for this group are the highly differentiated biological structure, pres-
ence of specialized vessels for conduction of water and nutrients, presence of
flowers and seeds, sometimes covered by a fruit coat. This makes them very
distinguishable from the softwoods.
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4.1.2 Softwood
The major difference between the anatomy of the wood of softwood and
hardwood is the lack of vessels in softwood, which conduct water and nutri-
ents in the trunk of the tree. In softwood this is done by structures called
tracheids (Gilani SM, 2006). As mentioned above in this case study we will
focus on softwoods - Douglas fir in particular. Softwood has a great com-
mercial value and is very popular in different industrial areas. Compared
with hardwood, softwood is much easier to cultivate and grows much faster,
which makes is cheaper and preferable for many applications. Therefore it
is practical to optimize creation of softwood joints.
Fig.4.2 shows the hierarchical structure of a softwood, illustrating the
different dimensions.
Figure 4.2: Hierarchical softwood structure (Lichtenegger H et.al., 1999)
The two main cell types in softwood are tracheids and also starch storage
cells, which compose a very small percentage of the wood, and can therefore
be neglected. Different properties of the tracheid cells will give different
mechanical properties of the wood. The architecture of a softwood cell wall
consists of multiple layers, each with complex intercellular arrangement,
giving better mechanical support to the cell and thus to the wood itself.
Cell layers are illustrated on Fig.4.3.
As seen in the figure, the tracheid cell wall can be divided into two. A
primary cell wall (P) that is the first wall to be developed in the formation
of one sapwood cell. As we mentioned earlier once new layers of sapwood
are grown, the previous ones start to loose their vitality. This is when the
secondary walls start to form towards the center of the cell (S1, S2, S3).
The intercellular substance in the space between tracheids is called middle
lamella (ML), followed by the primary wall P. S2 is the middle and most thick
wall layer that is of greatest importance for the mechanical strength of the
woody cell (Hon NSD et.al., 2001). It is also very important to understand
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Figure 4.3: Softwood tracheid wall architecture (Lichtenegger H et.al., 1999)
the chemical composition of tracheids and their surrounding matrix. Each
wall layer consists of cellulose in the form of cellulose microfibrils, which
is the structural component of every plant. A matrix of hemicelluloses is
present between the microfibrils, along with a very important substance
called lignin, that acts as a solidifier. In their study Gfeller et.al. conclude
that the melting of intercellular material, namely lignin, is the cause for bond
creation. It is that intercellular material that occupies the middle lamella
(ML) and creates a solid matrix between the tracheid cells (Hon NSD et.al.,
2001). Fig.4.4 shows the average chemical composition of a softwood.
Figure 4.4: Chemical composition of different tracheid wall layers (Gilani
SM, 2006)
4.1.3 Middle lamella
Due to the importance of ML for the creation of a vibrationally induced
wood joint, it is relevant to present some basic theory. The matrix present
in the ML consists mainly of cell interconnecting polymer material – lignin,
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and a very small amount of hemicelluloses. A property of the ML layer
is that it is less lignified than the S2 layer, which basically means that it
is less solidified. This explains why the main strength of the wood itself
comes from the highly lignified S2 layer (Hon NSD et.al., 2001). The fact
that lignification in the ML is lower is in accordance with Gfeller et. al.,
who explain the vibrationally induced wood bond is created mostly from the
middle lamella.
4.1.4 Lignin
Lignin is one of the most complex and abundant polimers in nature. Very
little is known about its content variation in wood, despite that 15-35% of
it consists of lignin. It is essential for the mechanical strength of the wood.
It also provides resistance to insects and pathogens (Contreras S, et. al.).
Softwood lignin is composed mainly of guaiacyl units, but also syringyl and
p-hydroxyphenyl units. They can arrange in random ways to create the
lignin polymer. Due to the its randomness, it is difficult to investigate its
chemical structure and reaction nature (Hon NSD et.al., 2001). One of its
recent industrial applications is as a non-toxic alternative to plastics (Lora
HG, et.al.).
As we mentioned before, the wood welding process can be explained
in two steps – welding and holding. According to Gfeller et.al., during
the welding process the increased temperature causes poorly lignified ML
polymers to melt. Creation of furfural also occurs during the welding, that
polymerizes with itself. The decrease in temperature during the holding
solidifies the molten intercellular material from both wood samples, creating
a joint. Along with lignin solidification, cross-linking reactions of lignin and
furfural take place, contributing to the joint strength.
4.1.5 Douglas fir
Figure 4.5: Chemical composition of different tracheid wall layers in Douglas
fir (Hon NSD et.al., 2001)
Fig.4.4 introduces the lignin distribution throughout a fir woody cell.
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MLcc is the middle lamella cell corner, the layer between ML and P. As
seen on the table the S walls make up a much larger portion of the total
volume, hence high % of lignin. However, the lignin concentration in the
S layers is markedly lower than the one in ML and MLcc (Hon NSD et.al.,
2001). The high lignin concentration and low lignification of ML, when
compared with the S layers, are in accordance with Gfeller’s conclusion for
the role of this layer in the bond creation.
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Chapter 5
Results and discussion
Results obtained during the experiment are shown in Table 5.1. 27 sam-
ples have been welded. There can be made a straightforward comparison
between different samples, due to the somewhat systematic change of pa-
rameter values.
Best results were obtained with samples 7, 14, 19, 24, R and T. The
welding parameter that distinguishes these samples from the rest is the long
HT, except for # 19. This sample shows strong bond of 7 bars even with
a short holding time of 10 seconds. Interestingly, the created bond was so
strong that the shear strength test did not break the whole bond, but part
of the wood itself. Apart from # 19, the results are in accordance with the
assumption for the importance of cross-linking and polymerization reactions,
that occur during the HT.
When comparing the parameters of sample 19 with 18, the main differ-
ence is the WP. All samples welded with WP of 6 bars or higher create weak
or no bonds at all. The only exception to this is sample 17, which had a
long HT.
Another sample that showed great bond strength is sample 14, welded
with neither low nor high WT and WP. However the extreme parameters
of the holding process - 120 sec, 12 bar, need to be noticed and connected
to the chemical reactions occuring during HT. The next interesting samples
are # 7 and # 24. Their relatively similar welding and holding parameters
result in an almost equal bond strength. However, one can notice the small
HT difference of 7 seconds and relate it to the bond strengths. Samples R
and T need to be taken into account aswell. The distinguishing parameters
are the higher frequency and HT, creating two of the strongest bonds in the
experiments. Comparing them, an explanation for the bonds can be once
again related to the greater HT of sample R.
The majority of our experiments did not give satisfactory results. A
number of things could have influenced the bonds in a negative way: chosen
parameters, manually applied pressure and possibly sample surface (early or
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latewood). If we look at samples # 12 and # 13, which differ only in the HP,
one creates a relatively strong bond whilst the other - no bond. However
the effect of the high HP can not explain it, because good results have been
obtained with similar numbers. Based on the table, one can easily suspect a
reason for sample # 15’s bad results - the lack of HT. As mentioned above,
an easy observation can be made on samples welded with WP of 6 bars and
higher - # 8, # 9, # 11 and # 18, creates weak or no bond. For # 20 and
samples with WT of 8 seconds and more, one could also notice a decrease
in bond strength. The reason could lie in the relatively higher mass loss,
as seen on Table 5.2 - 250 mg and more. The only excpetion is sample 19,
which shows mass loss of less then 200 mg as a result, of the low WP of 3
bar. On the other hand samples 9, 10, 11 and 13 show very low mass loss
and also weak bond. Therefore, the relation between bond strength and
mass loss is controversial.
Fig. 5.1 plots HT vs bond strength. In the region of HT 20 seconds,
and higher, the majority of the strong joints are located, along with only
one failed experiment. It would be therefore reasonable to conclude, once
again, that HT is one of the most significant welding parameters, and is in
accordance with Gfeller’s conclusion. In the area of 0-20 seconds HT the
bond strength varries greatly. It would therefore be reasonable to suspect
the importance of the other welding parameters on the bond.
Figure 5.1: Plot of holding time vs bond strength
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Table 5.1 - Varied parameters and shear strength of tested samples
Wtime [s] Htime [s]
1 6 8 2 10 4 3,2 229
2 6 8 5 10 6 4,9 237
3 6 8 2 12 7,5 5,1 188
4 6 8 5 12 6 6 226
6 4 4 5 8 4 6 218
7 4 4 30 8 8 5,5 125
8 4 6 5 8 1,8 4,1 116
9 4 6 5 12 no bond 5,6 67
10 6 4 10 8 2 4,6 58
11 6 8 10 8 2 3,6 41
12 6 5 60 8 6 6 219
13 6 5 60 12 no bond 4,9 44
14 6 5 120 12 9 8,4 121
15 8 5 0 0 no bond 3,4 261
16 8 6 5 8 no bond 5,7 265
17 8 6 30 8 4,5 7,2 342
18 8 7 12 8 no bond 7,1 471
19 8 3 10 8 7 5 195
20 10 5 10 8 no bond 6,1 318
21 10 3 10 5 7 4,3 412
22 4 4 8 5 3 3,6 126
23 6 5 30 6 3,5 5,7 155
24 5 4 23 6~7 7,5 6,2 182
25 7 5 90 8 4 6,9 402
R* 7 5 90 12 10,5 Not measured
T* 7 4 60 8 8,5 Not measured
* - Welded at higher frequncy
Sample 
number
Wpressure 
[bar]
Hpressure 
[bar]
Shear 
strength    
[bar]
Dimension 
change 
[mm]
Mass loss 
[mg]
On a side note, for obtaining data for practical comparison, two sam-
ples were glued with profesional wood adhesive. Their shear strength tests
yellded bond strengths of 11 bar, which is slightly above the best results
obtained. This is encouraging, taking into account that softwood is known
to create bad bonds using this novel technique.
It is relevant to quantify the uncertainty of the different welding paramters.
The WT and HT measured with a stopwatch, give an error margin of 0.5-1
second. Throught the welding process WP may have varyed up to 1 bar,
due to cell collapse. For most samples, after welding, the initially applied
HP tended to decrease by 10-20% during the first 10 seconds, untill reaching
stability. It is also possible, that the frequency was missread, because the
readings were taken over 0.5 seconds, while the WT varied from 4 to 10
seconds. However, improvements on the setup can be made to reduce the
error margins. Electronically controlled pressure and mroe powerful motor
would allow more accurate readings on the frequency and applied pressure.
Figure 5.2: Welded sample
Figure 5.3: Vibrationally induced
bond
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Chapter 6
Conclusion
and further work
From the results obtained we can conclude that the holding time parameter
influences the bond strength the most. This is a satisfactory conclusion in
agreement with previous studies. Of great importance is also the parameter
of welding pressure. The data shows that welding wood with pressure higher
then 6 bars will, in most cases, create a weak or no bond at all. Exceptions
can be samples welded with relatively long holding times. Increase in fre-
quency seems to have a strong impact on the joint as well. Altough only two
tests have been done with higher frequency, the results show significantly
stronger bonds, than the ones obtained with about only 10Hz less. It is also
worth investigating in detail how the welding time parameter impacts the
bond strength. Although that based on the obtained data a direct conlu-
sion can not be made, we can observe that increase in welding time leads to
decrease of the bond strength.
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Appendix A
Appendix
Figure A.1: The setup
On Figure A.1 is shown the setup. The green machine provides the
pressure.
Table 5.2 shows detailed information about the samples included in the
experiment. Under dimensions, one is to understand height, since all sam-
ples have the same length and width. The height is the average of three
measurements taken in both ends and the center.
The graphs following Table 5.2 were collected during the welding of sam-
ples 6 - 25. They were obtained via Fourier transformation of air pressure
records over 0.5 seconds. The fact that samples 6-23 were welded at 20V
and the similar graphs indicate that the frequency was held more or less
constant at about 70-80 Hz. Samples 24 and 25 were welded with input
voltage of 24 and show higher frequency. It should be noted that the sound
record of sample 9 explains the lack of bond creation.
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Table 5.2 - Dimensions and mass, before and after welding
Dimensions [mm] Weight [mg]
Before After Before After
1 23,1 19,9 3,2 4608 4379 229
2 23,5 18,6 4,9 4750 4513 237
3 22,7 17,6 5,1 4463 4275 188
4 23,6 17,6 6 4781 4555 226
6 21,8 15,8 6 3787 3569 218
7 22,1 16,6 5,5 4570 4445 125
8 22,9 18,8 4,1 4572 4456 116
9 22,7 17,1 5,6 4606 4539 67
10 23,2 18,6 4,6 4517 4459 58
11 23 19,4 3,6 4742 4701 41
12 22,4 16,4 6 4836 4617 219
13 23,2 18,3 4,9 4737 4693 44
14 25,1 16,7 8,4 5120 4999 121
15 22 18,6 3,4 4326 4065 261
16 21,7 16 5,7 4281 4016 265
17 23,4 16,2 7,2 4750 4408 342
18 24 16,9 7,1 4995 4524 471
19 21,8 16,8 5 4453 4258 195
20 24,7 18,6 6,1 5105 4787 318
21 22,1 17,8 4,3 4715 4303 412
22 24,4 20,8 3,6 4731 4605 126
23 23,2 17,5 5,7 4334 4179 155
24 23,4 17,2 6,2 4738 4556 182
25 21,4 14,5 6,9 4279 3877 402
R Not measured
T Not measured
Sample 
number
Difference 
[mm]
Difference 
[mg]



